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I. Introduction
The remarkable functionalities of molecular switches in nature make it highly desirable to develop artificial systems in a similar fashion. 1 Molecular switches are molecules that can switch reversibly between different microscopic states. Various studies on this class of molecules exist, see e.g. ref. 2-12. One of the most prominent examples is the retinal isomerization in rhodopsin which is responsible for signal conversion in human vision. 13 Anchoring such switches on surfaces may lead to new functional properties, which are relevant for different fields like molecular electronics, biocompatible devices or sensing. 14 A detailed study of their microscopic properties is vital for the correct understanding of their functionality. For the investigation of these properties, different spectroscopic techniques can be used, among others infrared spectroscopy (IR), Raman scattering (RS), resonance Raman scattering (RRS), and absorption spectra in the visible and/or ultraviolet regime (UV). 15 In presence of metal surfaces, the spectroscopic signals are often dramatically increased and the corresponding techniques have received much attention recently, which is documented in several reviews for surface-enhanced infrared absorption (SEIRA), [16] [17] [18] sum-frequency generation (SFG), 19, 20 surface-enhanced Raman scattering (SERS) and its resonance Raman analog (SERRS). 18, [21] [22] [23] [24] Another variant of RS employs sharp tips to exploit the surface effect. This tip-enhanced Raman scattering (TERS) yields remarkable spatial resolution in addition to the enhanced signals. [25] [26] [27] [28] Furthermore, the vibrations of a molecule situated between two electrodes can be monitored via inelastic electron tunneling spectroscopy (IETS). [29] [30] [31] [32] [33] All these techniques are especially suited for surface analysis in organic electronics, microfluidics or smart materials, where molecular switches are applied. 14, 34 In the present work, we use penta-2,4-dienoic acid (PDA) as a model system because it can switch between its trans (Fig. 1a) and its cis form (Fig. 1b) , absorbs in an experimentally accessible region of the electromagnetic spectrum, is commercially available, and -according to our calculations -should bind to metal surfaces. In order to mimic these metal surfaces, we attach the PDA to gold nanoclusters of different sizes (1, 2 and 20 gold atoms), see Fig. 1 . Hence, we will be able to study the influence of the metal on the electronic structure of the anchored molecular switch in detail. For the Au 20 cluster, we use a tetrahedral structure, because the latter is predicted to be the most stable conformation. [35] [36] [37] Consequently, the PDA molecule can be anchored at different sites of this cluster, where we choose the center of the face, the surface conformation ( Fig. 1g and h ), and the opposite position, the vertex ( Fig. 1i and j) .
The geometries and frequencies in the ground state were calculated at the density functional theory (DFT) level 39 using the B3LYP exchange correlation (XC) functional. [40] [41] [42] With no experimental data at hand to compare to, we deem the B3LYP functional reliable for the simulation of the different spectra, see e.g. ref. 43 . As basis sets, we use 6-311(d) 44 for the description of the PDA molecule and the quasi-relativistic effective core potential MWB60 45 for the description of the gold nanoclusters.
Note that this latter choice is arbitrary to some extent since different effective core potentials yield results of similar quality, see e.g. ref. 46 . The excited-state properties were obtained at the time-dependent DFT (TD-DFT) level 47 using the same XC functional, basis set and core potential. All systems are assumed neutral, i.e., the systems with one Au atom are open-shell systems.
For the evaluation of the RRS intensities, we used the excited-state gradient method 48 employing our own code. For the isolated molecule and PDA-Au cluster, the RRS intensities were obtained within the short-time approximation (STA). 43, 49, 50 For a given normal mode r, its fundamental transition g0 -g1 r , from the vibrational ground state of the electronic ground state to the first vibrational excited state at the electronic ground state, the STA intensity expression is:
where o r is the frequency of the rth normal vibration and (qE e /qQ r ) 0 is the partial derivative of the resonant electronic excited state energy along the mass-weighted normal mode Q r at the ground state equilibrium.
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The PDA-Au 2 and especially the PDA-Au 20 cluster exhibit several close-lying electronic states which are conjointly excited in a RRS process. Therefore, the RRS intensities cannot be obtained within the STA, but the sum-over-states expression has to be employed: 52, 53 
where o L is the laser frequency and (a ab ) g0-g1 r is expressed as: 
III. Results and discussions (a) Gold position
In order to locate the preferred binding site of the PDA to the gold clusters, we performed geometry optimizations with randomly varied starting positions. For PDA-Au, all simulations ended in one of two local minima, corresponding to conformations which we term A and B. Their structures are depicted in Fig. 2 . The same binding sites were discovered for PDA-Au 2 (not shown) and from this fact as well as from the following results, we see no distinct impact of the closed-shell or open-shell character of the systems. In all calculations, the position A is more stable than the position B (see Table 1 ). Since calculations for PDA-Au 20 are expensive, only position A was considered for both surface and vertex conformers. As in the other cases, a potential minimum was found. Consequently, position A was taken as the global minimum and used in all further calculations. When adding the different gold clusters, the electronic structure of the PDA molecule is changed. This modification is reflected in the geometry. Table 2 shows changes in bond lengths with respect to the single PDA molecule for different gold-cluster sizes. The molecule is attached via its carboxylic oxygen to the gold. As a consequence, the bond of the carboxyl group is stretched. The effect is promoted further along the conjugated chain of the PDA and the following bonds are contracted and stretched in alternating order. A second effect is that the O-H bond of the acid group is stretched, which implies that the bond is weakened and the molecule becomes more acidic. The bond-length changes can be understood when looking at the electric charges with respect to the gold-cluster size. In all calculations, the gold cluster obtains a negative summed partial charge of approximately À0.1 e for the PDA-Au system and À0.2 e in the other systems, according to a Hirshfeld [55] [56] [57] population analysis (À0.2 e for all systems according to a Mulliken analysis). Hence, electron density is transferred from the PDA to the gold. This process can be seen as a partial enolisation. Thus, the gold acts as a Lewis acid. 58, 59 It is interesting to note that the charge distribution in Au 20 is not uniform but a Hirshfeld charge of approximately À0.02 e (À1.0 e in the Mulliken analysis) is found at each of the four tips, while the center atom on each face is charged as approximately +0.02 e (+1.3 e in Mulliken analysis). This symmetrical distribution of the charges in the Au 20 leads to an overall dipole moment of zero. 35 Despite having a zero dipole moment, the Au 20 has a great ability to deform its electron density. The dipole moment (defined as pointing from the negative to the positive charges) of the total system is pointing away from the gold cluster, approximately along the carbon chain of the PDA. The absolute values for the studied systems are compiled in Table 3 . We find an increase of the dipole moment strength with cluster size with exception of the PDA-Au 20 surface cluster. In the latter case, the bond between molecule and Au cluster is longer due to steric reasons compared to the other systems. As a consequence, the electrostatic interaction is less pronounced and the dipole moment is smaller. When comparing the trans and cis isomers, we see that already for the pure molecule the trans isomer exhibits a stronger dipole moment than the cis form. The difference of B0.5 D is retained also for the different Au-cluster systems (see Table 3 ).
The presence of the gold clusters leaves the energetic differences between both isomers unaffected, where the trans form is always more stable than the cis isomer with an energy difference of 0.082 eV. Since the thermal energy provided at room temperature (298.15 K) is only 0.025 eV, the trans isomer is thermo-dynamically favored (trans/cis = 16:5 according to the Boltzmann distribution). Next, we turn to the normal modes. We have identified three important ones for the study of the isomerization process, which we term the asymmetric CQC stretch (n a CQC ), the symmetric CQC stretch (n s CQC ), and the carbonyl stretch (n CQO ). They are indicated in Fig. 3 for the cis and the trans isomer, respectively. The main feature of n a CQC is that one of the CQC double bonds is enlarged while the other CQC double bond is shortened. For n s CQC , both CQC double bonds are stretched concertedly. The predominant vibration of n CQO is along the CQO double bond although the other atoms of the PDA are also involved. The corresponding frequencies for the different systems are listed in Table 4 .
(c) Infrared spectra (IR)
All IR spectra presented in this section have been limited to a frequency range from 1000 to 1800 cm À1 in order to focus on the normal modes of interest. All frequencies have been scaled by a factor of 0.97 (to account for a systematic error in the DFT predictions) 60 and intensities convoluted by Lorentzians of 20 cm À1 full width at half maximum (FWHM) 61 to account for line broadening in possible future experimental spectra. The intensity patterns in the IR spectra (Fig. 4) show a strong dependency on the size of the cluster. For the isolated molecule, the IR spectrum shows higher peaks in the range of the carbon-carbon single bond modes (n C-C , 1000-1300 cm À1 ) than in the n CQC range (1500-1800 cm
À1
). When the molecule interacts with one gold atom, the intensity ratio between these ranges is diminished for the cis isomer and even inverted for the trans isomer. Continuing with the PDA-Au 2 and PDA-Au 20 vertex cluster, this intensity inversion phenomenon is even more distinctive. In these cases, the n C-C modes are of minor importance with respect to the n CQC modes. For the PDA-Au 20 surface system, the trend does not continue, instead, the relative intensity patterns are very similar to the PDA-Au system. Note that for the cis isomer, (e) n CQO for the trans isomer, (f) n CQO for the cis isomer. the absolute intensities of the n CQC modes increase when the gold cluster size increases (Table 4) , while the n CQO intensities decrease. Again, the PDA-Au 20 surface system is an exception to this rule, where the absolute intensities of the n CQC modes are similar to the ones of the isolated molecule. Not only the intensities change for different cluster sizes, also the frequencies are shifted. As stated above, the gold acts as a Lewis acid leading to a partial enolisation of PDA. Accordingly, the CQC double bonds are elongated, accompanied by a shift of n CQC to lower frequencies. In turn, the C-C single bonds are shortened leading to a partial double bond character and hence, the n C-C modes shift to higher frequencies. Also due to the enolisation effect, the bond length of the carboxyl group is increased and therefore, lower frequency values of the n CQO mode can be observed. The absolute frequency shifts increase in the following order: PDA o PDA-Au 20 surface o PDA-Au o PDA-Au 20 vertex o PDA-Au 2 . This order is directly reflected in the changes of the respective bond lengths, which are collected in Table 2 . Not only the bond lengths related to the aforementioned partial enolisation fit to the observed order; also the distance between the binding oxygen of the PDA and the nearest gold atom fits this series. This distance is the shortest in PDAAu 2 and the longest in PDA-Au 20 surface. The reason for the long bond in the latter system is the steric hindrance between the OH group and the Au surface.
It becomes clear that the geometry of the metal nanocluster where the molecule binds is of vital importance (see also ref. 62 ), leading to different results. Especially, the planar binding site in PDA-Au 20 surface compared to the tetrahedral one in PDA-Au 20 vertex (which resembles a metallic tip) shows intrinsic differences which can be interesting, e.g., in the understanding of SERS and TERS or, in this case, SEIRA. Note that our simulations can reproduce only a part of the SEIRA enhancement mechanism, plasmonic contributions 18 or phenomena like hot electrons 63, 64 are not described in the present approach.
We show additionally that the above-discussed changes are more pronounced in the trans than in the cis isomer (see Fig. 4 ). This difference is similar to the one for the dipole moment discussed above. The reason is that the trans isomer is bound closer to the Au cluster than the cis isomer.
If we want to distinguish between the isomers, IR spectra are expected to be unsuited, since the spectra are very similar for typical linewidths (see Fig. 4 ). High-resolution spectroscopy 15 could solve this problem. In this case, the attachment to gold clusters leads to more pronounced differences in the spectra and makes the differentiation between the isomers easier. Also the influence of the gold cluster size as described above could then be studied experimentally. However, if conventional IR spectra are recorded, the limited resolution might make such a task impossible. Consequently, other types of spectroscopy are considered in the following.
(d) Raman scattering (RS)
The RS spectra presented in this section have been prepared analogously to the IR spectra. Also the RS spectra are shown for a frequency range from 1000 to 1800 cm À1 (see Fig. 5 ), all frequencies have been scaled by a factor of 0.97 and convoluted by Lorentzians of 20 cm À1 FWHM to account for a typical line broadening. 65 In order to simulate off-resonance RS, the excitation wavelength is chosen to be 1064 nm (D1.2 eV), where no transitions to electronic excited states are induced (see next section). The frequencies of the vibrational modes are naturally the same as in the IR spectra. Due to the low symmetry of the system, especially when including the gold clusters, normal modes are obtained which are both IR and Raman active. Therefore, the properties of the frequencies in the Raman spectra have been already discussed in the previous section.
Looking at the intensities of the RS spectra (Fig. 5) , one observes that the n CQC modes are dominating while the n C-C and n CQO modes -in contrast to the IR spectra -are less intense. No clear trend is found for the absolute intensities, in some cases the signal for n a CQC is the strongest, in other cases the one for n s CQC , see Table 4 . However, the absolute intensities of the n CQC and n CQO modes are higher for the larger gold clusters. This effect is well-known and contributes to the chemical enhancement mechanism in SERS. 18, 66 Note that a full simulation of SERS spectra requires incorporating additional mechanisms like the electromagnetic enhancement induced by plasmonic excitations, see e.g. ref.
18 and 67. Table 4 also shows that the absolute intensities are higher for the PDA-Au 20 vertex than for the PDA-Au 20 surface system. This fact, once again, shows that the geometry of the metal nanostructure, where the molecule is attached, is important. Additionally, the absolute intensities are higher for the trans than for the cis systems and also the increase with gold-cluster size is more pronounced for the trans isomers. However, this effect in absolute intensity can be rarely observed in experimental spectra since the measurement of absolute scattering cross sections is difficult. Therefore, the spectra in Fig. 5 are normalized with respect to the highest peak of each spectrum as is often done in experiments. In combination with the typical line broadening, a distinction between cis and trans isomers is hardly possibly using RS. Higher resolution is commonly obtained employing RRS spectroscopy, which will be discussed below. As a pre-condition for RRS, information about the energies of the electronic excited states is required and thus, the UV absorption spectra will be discussed in the following.
(e) Absorption spectra (UV)
The study of the absorption spectra can provide valuable insight into the electronic structure and hence, the discrimination of different switch states might be possible directly. Beyond this fact, a study of the absorption spectra is needed in order to select the excited states which are in resonance in RRS and to identify the states with the properties of interest. In the present study, special attention is paid to states that have an important p -p* contribution, because this transition influences the nature of the double bonds which are key for the cis/trans isomerization of the PDA molecule.
The absorption spectra are shown in Fig. 6 . They are generated from TDDFT simulations, where the obtained line spectrum is broadened with Lorentzians of 0.05 eV FWHM. The computations include a maximum number of 10, 20, 50 or 1000 excited states for PDA, PDA-Au, PDA-Au 2 or PDA-Au 20 , respectively. For further analysis, all computed electronic excited states are classified according to the nature of the Kohn-Sham orbitals participating in the transitions. 68 In the following, states involving transitions, where both the initial and the final orbital are localized in the metal cluster alone, are termed metal center (MC) states. If the participating orbitals are localized only in the PDA molecule, which can be called ligand in order to stay in the terminology used for metallo-organic compounds, the corresponding state is termed intra-ligand (IL) state. If transitions from orbitals in the metal cluster to orbitals in the ligand play a role, the state is labeled as metal-ligand charge-transfer (MLCT) state. Obviously, an electronic state is not necessarily pure and also mixtures of MC, IL and MLCT character may occur.
The absorption spectra (Fig. 6 ) reveal how the excited state composition changes for the different molecule-gold clusters. The low energy region of the absorption spectra is governed by MC states, the IL state of interest (with p -p* transition) is found approximately between 4.5 and 5.5 eV and the high energy region (above 5.5 eV) is dominated by MLCT states.
In order to identify the desired p -p* state, the simulation outcome is scanned for the orbitals of interest. These orbitals are plotted in Table 5 for the respective systems. States with a large contribution of this p -p* transition are collected in Table 6 .
While for the pure PDA molecule the pÁp* orbitals are important only for a single electronic state, the situation is more complex if metal atoms are added. For the cluster systems, the character of the states of interest is mixed and e.g. for the PDA-Au 20 surface system, the states are a mixture of IL (only 5-10%, including p -p*), MLCT, and MC type. A clear classification of the state character is hence impossible for the larger clusters, not only because of the mixing of transitions but also because the orbitals themselves already show some mixed character, see e.g. small contributions localized in the metal for the p orbitals of PDA-Au or PDA-Au 2 as shown in Table 5 . This phenomenon is even more pronounced for the p* orbital of the PDA-Au 20 vertex system. Such mixed orbitals are quite common and further conclusions based on this fact are difficult since in general a specific molecular orbital basis is not unique. However, the observed mixture may indicate that the different parts of the system (PDA molecule and metal cluster) may not be seen as separate fragments but are entangled to a great extent. When comparing the cis and trans isomers, we find it difficult to distinguish the two forms of the respective systems, see Fig. 6 and Table 6 . However, small differences can be found Table 5 p and p* Kohn-Sham orbitals for each system calculated at the B3LYP/6-311(d)/MWB60 level of theory. The number of the respective orbital according to the G09 output is given in brackets to indicate the increasing complexity of the larger systems and these will lead to noticeable differences in the RRS spectra, as discussed in the next section.
(f) Resonance Raman scattering (RRS) Fig. 7 shows the RRS spectra of the different PDA systems. All spectra are prepared in the same manner as the IR and RS spectra previously, i.e., a frequency range from 1000 to 1800 cm À1 has been adopted and all the frequencies have been scaled by a factor of 0.97. Since RRS spectra offer high resolution, 43 the obtained line spectra have been convoluted by Lorentzians of 5 cm À1 FWHM.
The wavelength for the resonant excitation is chosen to match the energy difference between the electronic ground state and the IL states with a strong oscillator strength and the biggest contribution of the transition p -p*. The selected states and their energies, oscillator strengths and characters are presented in Table 6 .
As intended by the choice of the excitation wavelength, the RRS spectra are dominated by peaks in the region of the n CQC modes.
The RRS spectra of the isolated PDA molecule are very similar comparing the cis and trans isomers. Only minor changes are observed for the molecule attached to a single gold atom. For the PDA-Au 2 system, differences are visible in the RRS spectra. The vibrational mode n a CQC is shifted to higher wavenumbers in the trans isomer, while the cis isomer exhibits approximately the same frequency as the pure molecule. Differences in the spectra are even more pronounced for the PDA-Au 20 This journal is © the Owner Societies 2015 these differences stem from the differing excited states which are involved for the cis or the trans isomer, respectively (see the different composition of the respective states in Table 6 ). As stated above (see Section d), the attachment of a molecule to gold nanoparticles leads to significant enhancement of the spectroscopic signals. Hence, only a small amount of a substance is needed to carry out an analysis, i.e., to record a SERRS spectrum in this case. The spectra presented here predict such SERRS signals, since the chemical effect included in the present calculations is mainly responsible for the relative intensities of the peaks, while plasmonic effects (neglected here) primarily influence the absolute intensities. 66, 67 From the different points given above, we infer that a combination of RRS and attachment to metal clusters is well-suited to distinguish between molecular species which are difficult to discern using other types of spectroscopy. The critical difference in the intensities of the n CQC and n CQO modes are the reason why we can discriminate between both isomers of PDA in the present case.
IV. Conclusions
We presented a computational study focused in the discrimination between the cis and trans isomers of the PDA molecule attached to gold clusters of different size using different spectroscopic techniques. It was shown that the interaction between our molecule and the gold clusters leads to a partial enolisation of the two isomers, which affects the intensity pattern of IR and RS spectra. The effect is more pronounced for larger gold clusters, however, the respective cis and trans isomers show very similar spectra.
Furthermore, we investigated properties of the excited states and simulated UV absorption spectra giving insight into how the molecule interacts with the gold cluster at higher energies. The data obtained in this way was then used in the simulation of RRS spectra. Finally, we found that RRS spectroscopy is a suitable tool for the discrimination of the PDA isomers attached to gold nanoparticles. Reasons are a high spectral resolution and more importantly, that excited-state properties influence the signal strength of vibrational modes differently for the different isomers.
Additionally, we have shown that the position where the molecule binds to a larger cluster matters. In the present study, the Au 20 vertex and Au 20 surface positions were compared and found to yield different spectra.
Last but not least, we hope to encourage experimental studies on the presented system in order to compare to the results that we showed in this work.
